ABSTRACT The two-component system TctD-TctE is important for regulating the uptake of tricarboxylic acids in Pseudomonas aeruginosa. TctD-TctE accomplishes this through derepression of the gene opdH, which encodes a tricarboxylic acid-specific porin. Previous work from our lab revealed that TctD-TctE in P. aeruginosa also has a role in resistance to aminoglycoside antibiotics. The aim of this study was to further characterize the role of TctD-TctE in P. aeruginosa in the presence of citric acid. Here it was found that deletion of P. aeruginosa PA14 TctD-TctE (ΔtctED) resulted in a 4-fold decrease in the biofilm bactericidal concentrations of the aminoglycosides tobramycin and gentamicin when citric acid was present in nutrient media. Tobramycin accumulation assays demonstrated that deletion of TctD-TctE resulted in an increase in the amount of tobramycin retained in biofilm cells. The PA14 wild type responded to increasing concentrations of citric acid by producing less biofilm. In contrast, the amount of ΔtctED mutant biofilm formation remained constant or enhanced. Furthermore, the ΔtctED strain was incapable of growing on citric acid as a sole carbon source and was highly reduced in its ability to grow in the presence of citric acid even when an additional carbon source was available. Use of phenotypic and genetic microarrays found that this growth deficiency of the ΔtctED mutant is unique to citric acid and that multiple metabolic genes are dysregulated. This work demonstrates that TctD-TctE in P. aeruginosa has a role in biofilm development that is dependent on citric acid and that is separate from the previously characterized involvement in resistance to antibiotics. IMPORTANCE Nutrient availability is an important contributor to the ability of bacteria to establish successful infections in a host. Pseudomonas aeruginosa is an opportunistic pathogen in humans causing infections that are difficult to treat. In part, its success is attributable to a high degree of metabolic versatility. P. aeruginosa is able to sense and respond to varied and limited nutrient stress in the host environment. Two-component systems are important sensors-regulators of cellular responses to environmental stresses, such as those encountered in the host. This work demonstrates that the response by the two-component system TctD-TctE to the presence of citric acid has a role in biofilm formation, aminoglycoside susceptibility, and growth in P. aeruginosa.
variety of host environments (3, 4) . Previous work has found that numerous TCSs in P. aeruginosa have a role in regulating virulence and the development of antibiotic resistance (5) (6) (7) (8) (9) . TCSs are an extensively utilized means for bacteria to sense and respond to their environment (10) (11) (12) (13) (14) . The basic makeup of a TCS consists of a membrane-bound sensor kinase and a cytoplasmic response regulator. Activation of the sensor kinase occurs through autophosphorylation of a histidine residue (14) (15) (16) . The active kinase then phosphorylates its cognate response regulator, which activates it, and the active response regulator exerts its downstream transcriptional effects on gene expression (14) (15) (16) . TCSs can potentially be involved in a multitude of regulatory pathways having diverse roles for cell responses (10, (17) (18) (19) (20) , including the development of antibiotic resistance (5, 8, 9, 21) .
Salmonella enterica serovar Typhimurium, another pathogenic member of the gammaproteobacteria, contains an operon that encodes genes, named the tricarboxylic transporters (tct), which are responsible for the uptake of tricarboxylic carbon sources, such as citric acid (22) . Within this operon are two genes for a TCS: tctD, which encodes a transcriptional regulator, and tctE, which encodes a histidine sensor kinase (22, 23) . TctD-TctE senses tricarboxylic compounds in the environment and regulates the expression of the tct operon for uptake and metabolism of these compounds.
P. aeruginosa does not possess a fully conserved tct operon, but its genome does encode homologs of tctD and tctE (24) . In P. aeruginosa, TctD-TctE acts on the expression of opdH through a mechanism of derepression in the presence of tricarboxylic acids. opdH encodes a porin (OpdH) required for the transport of tricarboxylic acids across the outer membrane permeability barrier of P. aeruginosa (24) . Previous work from our lab found that a deletion of the P. aeruginosa operon tctED (previously described as PA0756-0757) in the PA14 wild-type strain resulted in a 4-fold increase in susceptibility to aminoglycoside antibiotics in biofilm cultures (25) . Our current study questioned whether regulation of citrate metabolite (i.e., citric acid) uptake is involved in the aminoglycoside susceptibility phenotype observed in a tctED deletion (ΔtctED) strain.
In this study, we hypothesized that TctD-TctE is involved in biofilm formation as well as aminoglycoside resistance in P. aeruginosa. We observed that in biofilm cultures the ΔtctED mutant had a 4-fold increase in susceptibility to the aminoglycosides tobramycin and gentamicin when citric acid was present in the nutrient media. Furthermore, we found that there was a moderate but significant increase in the accumulation of tobramycin in ΔtctED mutant biofilms when citric acid was present in the growth medium. We further hypothesized that there are differences in biofilm formation in the ΔtctED mutant compared to PA14 in the presence of citric acid. We determined that in the presence of citric acid, the ΔtctED mutant showed no significant change in the amount of biofilm biomass, while the PA14 strain displayed reduced levels of biofilm biomass. It was also found that the ΔtctED mutant had a severely reduced level of growth when citric acid was present in the growth medium. The use of phenotypic microarrays determined that this phenotype was unique to citric acid as a carbon source. However, the use of a whole-genome expression microarray approach found that multiple metabolic genes not directly involved in citrate metabolism are dysregulated in the ΔtctED mutant relative to PA14. Here we demonstrate for the first time that TctD-TctE has a role in regulating biofilm formation in P. aeruginosa.
RESULTS
Loss of TctD-TctE leads to increased susceptibility to aminoglycosides in biofilm cultures. Interest in studying TctD-TctE originated from previous findings from our lab demonstrating that the loss of expression of these proteins in the ΔtctED deletion strain (then designated the ΔPA0756-0757 strain) resulted in biofilms that were more susceptible to a subset of antibiotics, the aminoglycosides tobramycin and gentamicin (25) . In this study, we wanted to explore whether inclusion of citric acid would have a further effect on the antibiotic susceptibility of the ΔtctED mutant. To explore this phenotype, we assayed for the minimal bactericidal concentrations (MBCs) of tobra-mycin and gentamicin with the addition of citric acid in the nutrient media (Table 1) . We also included ciprofloxacin, a clinically relevant fluoroquinolone in the treatment of P. aeruginosa infections. Assays for determination of MBCs in planktonic cultures (MBC-P) containing 10 mM citric acid, in addition to antibiotic, found a 2-fold increase in susceptibility to both tobramycin and gentamicin in ΔtctED mutant cultures relative to PA14 cultures (Table 1) . This increased susceptibility under planktonic conditions was not observed in our previous work, where citric acid was not included in the MBC assays (25) . For assays for determination of MBCs in biofilms (MBC-B), a 4-fold increase in susceptibility to tobramycin and gentamicin was observed in the ΔtctED mutant compared to PA14 (Table 1) . No difference in the MBCs between PA14 and the ΔtctED mutant was observed in either MBC-P or MBC-B assays with ciprofloxacin (Table 1) . Additional antibiotics (including the antipseudomonal ␤-lactam ceftazidime, the fluoroquinolones levofloxacin and norfloxacin, chloramphenicol, and nalidixic acid) not previously tested (25) were assayed here. For all except one antibiotic, there were no differences in the MBC-Ps or MBC-Bs observed (see Table S1 in the supplemental material). A 2-fold increase in the MBC-P was observed when testing with the synthetic quinolone nalidixic acid.
The ⌬tctED strain demonstrated increased accumulation of tobramycin in its biofilms. To investigate this biofilm phenotype of tobramycin susceptibility, we questioned whether there was any greater accumulation of tobramycin in the ΔtctED mutant biofilms than in PA14 biofilms. We performed accumulation assays by growing biofilm cultures in the presence of citric acid (10 mM added to M63-arginine medium). The biofilms were then treated with a bactericidal concentration of tobramycin for the ΔtctED mutant (200 g/ml) (Table 1) (26, 27) . We included citric acid in this assay for the role that it plays in the activity of TctD-TctE (24) and also for its effects on cellular growth (28, 29) and biofilm formation (30) . Biofilm cells were lysed and then assayed for the presence of tobramycin by measuring the diameter of the clearance zone on Escherichia coli lawns. M63 medium without added citric acid did not show any difference in tobramycin accumulation between the PA14 and ΔtctED strains (Fig. 1) . However, when citric acid was present, there was a statistically significant (P Ͻ 0.05) increase in the zone of clearance observed, indicating a greater accumulation of tobramycin in ΔtctED mutant biofilms (Fig. 1) . It is of note that a zone diameter change of Ն3 mm can clinically result in grouping of the bacteria to a susceptible or resistant category in antimicrobial disk susceptibility testing (31) .
Efflux of antibiotics is a major mechanism of resistance for aminoglycosides, including tobramycin, in P. aeruginosa. Therefore, we were interested in testing whether a reduced level of efflux was contributing to the increased accumulation in the ΔtctED mutant by expressing the PA1875-1877 drug efflux system previously characterized by our lab (27) in both the PA14 and ΔtctED strains (producing the PA14 efflux and ΔtctED efflux strains). We reasoned that these strains would determine if heightened efflux could restore wild-type levels of tobramycin accumulation. We found that there was a moderate reduction of the clearance zone on E. coli lawns for both the PA14 efflux and ΔtctED efflux strains compared to that for the parental strains that did not express the efflux system. However, the trend of greater accumulation in the ΔtctED efflux strain than in PA14 efflux was still observed (Fig. 1) . Biofilm formation by the ⌬tctED mutant is dysregulated in the presence of citric acid. After observing that ΔtctED mutant biofilms have an increased accumulation of tobramycin in the presence of citric acid, we questioned whether there were differences in biofilm formation between the PA14 and ΔtctED strains using a crystal violet assay and microscopy.
In M63 medium with 23 mM arginine as a carbon source and no added citric acid, the PA14 and ΔtctED strains displayed similar levels of biofilm formation, as determined by staining with crystal violet (Fig. 2) . With the introduction of citric acid into the nutrient media, ΔtctED mutant biofilms maintained similar levels of staining regardless of the concentration of citric acid present in each growth medium (Fig. 2) . Conversely, PA14 displayed an inverse relationship, where increasing concentrations of citric acid resulted in smaller amounts of biofilm formation. This observation was most apparent at the highest concentration of 20 mM citric acid. The decreased level of biofilm formation in PA14 suggests that biofilm formation is altered in the ΔtctED mutant. These experiments were repeated with subinhibitory levels of tobramycin to determine if there were any greater effects on the observed biofilm; however, the trends were the same as those found when no tobramycin was added (Fig. 2) .
Flagella and type IV pili are important for early steps in biofilm formation in P. aeruginosa (32, 33) . These are also crucial components for swimming as well as swarming motility. Since biofilm formation in the ΔtctED mutant strain was altered, we assayed the swarming and swimming motility phenotypes of the PA14 and ΔtctED strains. We observed no difference between the two strains, suggesting that the defect in biofilm formation occurs at later stages of biofilm formation (Fig. S1 ). To further characterize the biofilm phenotype, we visualized PA14 and ΔtctED mutant biofilms by microscopy. Under conditions where no citric acid was added, PA14 biofilms were thick with macrocolonies present and covered the entire visual field. As increasing amounts of citric acid were added, the biofilms were flat and the surface was more sparsely populated in the presence of citric acid (Fig. 3A) . To augment our analysis, we stained the biofilms that were formed in 12-well microtiter dishes with crystal violet. We observed that PA14 biofilm cultures decreased with increasing concentrations of citric acid (Fig. 3B ). In contrast, the ΔtctED mutant maintained a high degree of biofilm formation in the presence of citric acid ( Fig. 3A and B) . In all concentrations of citric acid tested, the ΔtctED mutant maintained thick biofilms with visible dense macrocolonies (Fig. 3A) . This biofilm growth appeared to increase with higher levels of citric acid, as observed by crystal violet staining (Fig. 3B ). Typically, P. aeruginosa biofilms grow most densely at the air-liquid interface, observed as a line of crystal violet staining (Fig. 3B) . This growth at the air-liquid interface was observed consistently in PA14. The ΔtctED mutant demonstrated higher levels of growth down beyond the air-liquid interface into the medium as the concentrations of citric acid increased (Fig. 3B ). Taken together, these data suggest that the loss of tctED results in an inability to regulate biofilm formation in the presence of citric acid.
Addition of citric acid to our growth medium likely altered the pH. Therefore, we questioned whether the growth deficiency of the ΔtctED mutant was at all a result of changes in the pH of the medium. We measured the pH of M63 medium containing different concentrations of citric acid (0, 2, 10, and 20 mM), and the pH of M63 medium was adjusted accordingly (7.0, 6.8, 6.2, and 5.1, respectively). The growth of the ΔtctED strain showed that it displayed no difference from PA14 in its ability to grow in any of the pH-adjusted media (Fig. S2) .
The ⌬tctED strain has a growth deficiency in the presence of citric acid. Since the ΔtctED strain displayed such a divergent biofilm phenotype in the presence of citric acid, we questioned whether there were any further growth phenotypes in citric acid. Previous research has found that high ratios of citrate metabolites relative to other carbon sources in nutrient media have an inhibitive effect on P. aeruginosa growth (28, 29) . To test ΔtctED mutant growth in the presence of citric acid, we performed growth assays using M63 minimal medium containing arginine and various concentrations of both citric acid and tobramycin. When grown in higher concentrations of citric acid, reduced growth of the ΔtctED mutant relative to that of PA14 was observed (Fig. 4) . In low and moderate concentrations (2 mM and 10 mM) of citric acid, there was a lag in growth of the ΔtctED strain, but it was able to achieve wild-type levels of culture densities by 16 h (Fig. 4B and C) . The most extreme difference was observed at the highest concentration of citrate tested (20 mM), where the ΔtctED strain was severely reduced in its ability to grow compared to PA14 (Fig. 4D) .
Given that the ΔtctED strain displayed an aminoglycoside-specific susceptibility, it was of interest to determine if challenge of the cultures with tobramycin would exacerbate this ΔtctED mutant growth deficiency in the presence of citric acid. For growth assays with tobramycin, subinhibitory (1 g/ml) and inhibitory (4 g/ml) concentrations were used (25) . Regardless of the concentrations of tobramycin present, the ΔtctED mutant had the same observable trend of reduced growth relative to that of PA14 (Fig. 4) .
To confirm that the citric acid growth deficiency observed in the ΔtctED mutant was due to the loss of TctD-TctE, a complementation strain (the tctED ϩ strain) was struck out on gradient agar plates containing medium that had a continuous gradient of increasing citric acid concentrations in one direction. We were able to determine that expression of TctD-TctE from a pJB866 plasmid restored the ability of the strain to grow on citric acid as a sole carbon source (Fig. 5) . Additionally, complementation with tctED also restored wild-type levels of resistance to tobramycin (Fig. 5) .
The ⌬tctED mutant growth deficiency is unique to citric acid as a carbon source. To determine if the ΔtctED strain had a growth deficiency on different carbon nutrient sources, we utilized high-throughput phenotypic microarrays containing a variety of carbon sources (34) . These arrays provide a measure of changes in absorbance from reduction of a dye occurring in the medium, which indirectly provides a measure for aerobic respiration and cell growth. These arrays can then provide insight into the ability of a bacterial strain to metabolize specific nutrients. The ΔtctED strain displayed a moderately reduced ability to grow on the carbon sources ␣-hydroxybutyric acid (plate and well position, PM1 and E7, respectively) and D,L-carnitine (PM2A and H5) relative to PA14 (Table 2 and Fig. S3 ). Additionally, there was a moderate increase in the growth of the ΔtctED strain relative to that of PA14 on adenosine (PM1 and E12), ␣-keto-butyric acid (PM1 and D7), putrescine (PM2A and H8), and uridine (PM1 and D12) ( Table 2 and Fig. S3 ). Most notably, the ΔtctED mutant was unable to grow on citric acid as the sole carbon source (PM1 and F2) (Fig. S3 ). This growth deficiency was confirmed with independent growth assays where either 2.2 mM glucose or 5 mM, 10 mM, or 20 mM citric acid was provided as the sole carbon source for the PA14 and ΔtctED strains. Under conditions where citric acid was the only carbon source, ΔtctED had no observable growth, while PA14 grew under all conditions (Fig. S4) .
Multiple genes that are involved in metabolism are dysregulated in the ⌬tctED mutant. DNA microarrays were used to better understand what pathways were dysregulated in the ΔtctED strain and possibly contributed to the observed growth deficiency and dysregulation of biofilm formation. It was found that under planktonic growth conditions 94 genes were dysregulated (Ͼ2-fold) and that under biofilm conditions 23 were significantly dysregulated (Ͼ2-fold) in the ΔtctED strain relative to the PA14 strain (Table 3) . Of the 94 genes significantly dysregulated in planktonic cultures, 15 have roles in the metabolism in P. aeruginosa. In biofilm cultures, it was found that 8 of the 23 significantly dysregulated genes have a role in metabolic processes. Genes involved in metabolism that are significantly dysregulated are indicated by bold font in Table 3 . Between planktonic and biofilm cultures, there was no overlap of the genes involved in metabolism, suggesting unique regulomes of TctDTctE in each of these modes of growth. It was also notable that the transcriptional regulator genes cheY, pmrA, and dnr, as well as the two-component sensor gene phoQ, were significantly dysregulated in the ΔtctED strain between both the planktonic and biofilm conditions tested (Table 3) .
FIG 4
The ΔtctED strain (Δ) exhibits a reduced ability to grow relative to PA14 () when citric acid is present in M63-arginine medium. Concentrations of 0 mM (A), 2 mM (B), 10 mM (C), and 20 mM (D) citric acid were tested with zero, subinhibitory (1 g/ml), and inhibitory (4 g/ml) concentrations of tobramycin. The data shown are the averages from 3 biological replicates, where error bars are the standard error of the mean (SEM). Where no error bars are visible, the SEM was less than what could be displayed on the graph.
TctD-TctE Affects Biofilms in P. aeruginosa
DISCUSSION
The aim of this study was to further characterize the role of the TCS TctD-TctE in P. aeruginosa. We were able to build on previous findings and further characterize the aminoglycoside susceptibility of the ΔtctED deletion strain in the presence of citric acid. In this work, we also made the novel finding of a growth deficiency and biofilm dysregulation in the presence of citric acid for the ΔtctED strain.
First, to further characterize previous observations of an increased susceptibility to the aminoglycosides tobramycin and gentamicin in the ΔtctED mutant, we performed assays for MBC-P and MBC-B with citric acid included in the nutrient media. We found that there was a 4-fold increase in ΔtctED mutant susceptibility to tobramycin and gentamicin in MBC-B assays, similar to what was observed previously (Table 1) . Interestingly, there was also a 2-fold increase in ΔtctED mutant susceptibility to these antibiotics in MBC-P assays that included 10 mM citric acid. Previous findings revealed no difference in MBCs between PA14 and the ΔtctED mutant in the absence of citric acid (25) . It is likely that this small increase in planktonic susceptibility observed in the ΔtctED mutant was due to the added stress of a growth deficiency in the presence of citric acid that we observed here (Fig. 4) and that is discussed below. It was also noted here that there was a 2-fold greater MBC-P of the quinolone antibiotic nalidixic acid (see Table S1 in the supplemental material). The ΔtctED mutant had an MBC-P of 1,024 g/ ml, whereas an MBC-P of 512 g/ml was observed in PA14. These MBC-Ps are higher than those of other antibiotics, such as tobramycin, gentamicin, and ciprofloxacin (32, 64, and 4 g/ml in the ΔtctED mutant, respectively). It is possible that the differences seen with nalidixic acid are attributable to the fact that there is already a high intrinsic resistance to nalidixic acid in P. aeruginosa.
Further investigation of aminoglycoside susceptibility in the ΔtctED mutant led TctD-TctE Affects Biofilms in P. aeruginosa us to determine that there was a moderate increase in the accumulation of tobramycin in ΔtctED mutant biofilms grown in the presence of 10 mM citric acid (Fig. 1) . A major mechanism of P. aeruginosa resistance to aminoglycosides is through efflux of the compound (35) (36) (37) . We expressed an efflux system that contributes to biofilm-specific aminoglycoside resistance (27) in the PA14 and ΔtctED strains. Expression of this efflux system reduced the zones of clearance in E. coli and thereby indicated reduced tobramycin accumulation in biofilms of all P. aeruginosa strains (Fig. 1) . However, there was still a moderately greater accumulation in the ΔtcED mutant than in PA14 (Fig. 1) . This result demonstrates that efflux does not contribute to the tobramycin susceptibility observed in ΔtctED mutant biofilms. Because the aminoglycoside susceptibility in the ΔtctED mutant was biofilm specific, we decided to further investigate biofilm formation in the presence of citric acid. Our analysis indicated that the ΔtctED mutant is unable to respond appropriately to the presence of citric acid. When biofilm cultures were grown, PA14 responded to increasing concentrations of citric acid with a reduction in biofilm formation, whereas the ΔtctED strain continued to form thick biofilms regardless of the increasing concentrations of citric acid (Fig. 2 and 3) .
As stated above, ΔtctED displayed a consistently high biofilm mass for all concentrations of citric acid present in the medium tested. However, there were decreases in planktonic ΔtctED mutant culture growth (Fig. 4) with increases in the concentration of citric acid in the medium. It was also observed that the ΔtctED mutant could not grow if citric acid was provided as the only carbon source (Fig. S3 and S4) . Through the use of phenotypic assays which measure oxidation levels in the medium by oxidative phosphorylation, therefore indicating the metabolic activity of the cultures, it was found that the ΔtctED mutant was uniquely inactive in citric acid-containing medium and that no other carbon source gave such low levels of activity relative to that of PA14 (Table 2 and Fig. S3 ). Taken together, these data suggest that the loss of TctD-TctE in the ΔtctED mutant has an effect on planktonic and biofilm growth due to an inability to properly sense and respond to citric acid present in the environment. Further support for this comes from the observation that complementing the ΔtctED mutant with a plasmid expressing TctD-TctE restored the ability to grow on citric acid as the sole carbon source, as seen in gradient plants (Fig. 5) . It is known that high relative concentrations of citrate metabolites can be inhibitive of growth in P. aeruginosa (28, 29) . It is therefore likely that the loss of tctED results in the dysregulation of sensation and the response to citric acid in the medium, leading to an inhibition of growth.
Other modes of growth were otherwise unaffected in the ΔtctED mutant when grown on regular M63 medium lacking citric acid. Through the use of swarming and swimming assays, we determined that there was no difference in motility between the PA14 and ΔtctED strains (Fig. S1 ). Both flagella and pili, which are important for motility, also have roles in forming biofilm structures in P. aeruginosa (32, 33) . The lack of any motility defect in the ΔtctED mutant adds support to the idea that the loss of the TCS results in a dysregulation of signaling in biofilm formation and growth.
The heightened accumulation of tobramycin in the ΔtctED mutant may also be explained by a lack of response to citric acid in the medium. With the ΔtctED mutant maintaining higher levels of adherent biofilms than PA14, the accumulation of tobramycin may be at least in part due to a larger amount of biofilm cells and extracellular matrix in the ΔtctED mutant. With the greater accumulation of tobramycin in the matrix, the ΔtctED mutant would then acquire increasing localized concentrations of tobramycin and increased killing. It has been found previously that small molecules, such as aminoglycosides, readily permeate into the extracellular matrix of biofilms (38) (39) (40) . It is possible that the accumulation observed is at least in part due to more tobramycin being retained in the matrix and biofilm cells.
While the ΔtctED mutant biofilm cultures displayed higher MBC-Bs (Table 1 ) and greater accumulation of tobramycin in medium containing citric acid (Fig. 1) , it should be noted that when planktonic cultures of the ΔtctED mutant were challenged with tobramycin, there was only a slight change in the susceptibility phenotype (Fig. 4) . This fits with previous data (25) and findings obtained in this study ( Table 1) that there are minimal differences in ΔtctED planktonic cultures and that the greatest increases in susceptibility relative to that of PA14 are observed in biofilm cultures. This suggests that TctD-TctE activity has greater involvement in P. aeruginosa when it is developing as a biofilm than when it is developing as a planktonic culture. In biofilms, there are subpopulations of cells with various levels of metabolic activity (3, 39, 41) . Because of the localized higher density of cells, there can be limitations of nutrients in those locations. It is reasonable that systems such as TctD-TctE would be more heavily relied upon in biofilms.
It is likely that other factors contribute to the role that TctD-TctE has in aminoglycoside susceptibility, considering that it is a TCS ultimately regulating transcriptional responses. This was evident based on genome-wide expression data from this study, which found that a wide range of genes were dysregulated in the ΔtctED mutant. Additionally, phenotypic microarray data suggested that the role that TctD-TctE has in P. aeruginosa is complex, affecting multiple different regulatory pathways between citrate uptake. A large portion of genes (46 of 94 in planktonic cultures and 15 of 23 in biofilms) that were dysregulated in the ΔtctED mutant are of unknown function in P. aeruginosa (Table 3 ). Of the genes that do have characterized functional roles, a high number of genes that are involved in metabolism through electron transport, catabolism, anabolism, or transport were represented (15 of 48 in planktonic cultures and all those in biofilms). Additionally, other members of two-component systems were represented, such as cheY, phoQ, and pmrA (Table 3) . Many genes for ribosomal subunits, DNA replication, and cell shape were represented, but these might have been dysregulated indirectly as a result of reduced growth in the ΔtctED mutant.
Phenotypic microarray analysis found that the ΔtctED mutant was completely defective in its ability to grow with citric acid as a sole carbon source. Interestingly, the ΔtctED mutant had moderately increased growth relative to PA14 in medium with carbon sources of ␣-keto-butyric acid, adenosine, putrescine, and uridine (Table 2) and moderately decreased growth in ␣-hydroxy-butyric acid and D,L-carnitine. It has recently been shown that the metabolic activity of bacteria alone can have a significant effect on susceptibility to antibiotic treatment (42, 43) . It is possible that metabolic dysregulation in general also has a contribution to the aminoglycoside susceptibility observed in the ΔtctED mutant.
In conclusion, this study has further resolved some contributors to the role that TctD-TctE has in resistance and tolerance to aminoglycosides in P. aeruginosa through finding that the loss of TctD-TctE results in increased aminoglycoside susceptibility in the biofilm when citric acid is present in the environment. Furthermore, we were able to characterize the biofilm phenotype of consistent biofilm mass as well as a growth deficiency due to the loss of TctD-TctE in P. aeruginosa when citric acid is present. This work emphasizes the importance of how TCSs responsible for sensing and responding to environmental cues, even those for metabolites, can have significant impacts on biofilm development and when cells encounter dynamic and changing environmental conditions, which is important for developing improved methods of treating infections caused by bacterial pathogens.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used in this study are listed Table 4 . All cultures except those specified were grown overnight at 37°C with constant shaking in LB from single colonies grown on LB agar plates. For the experiments, overnight cultures were subcultured 4 ], using 0, 2, 10, and 20 mM citric acid and 23 mM arginine as carbon sources. For strains carrying pJB866 constructs, the medium was supplemented with 2 mM m-toluic acid for promoter induction and 10 g/ml tetracycline for maintenance of plasmids. The only exception for the growth medium under experimental conditions was for growth assays conducted using Biolog plates on an OmniLog system, where the buffer and nutrient sources provided by the manufacturer of PM1 and PM2A plates were used (https://biolog.com/products -portfolio-overview/phenotype-microarrays-for-microbial-cells/). Biofilms grown for microscopy were cultured using an air-liquid interface assay described previously (25) . Overnight cultures were subcultured 1/100 into fresh medium in 12-well plates. Cultures were incubated statically for 24 h at 37°C with the plates propped up at an angle of ϳ30 to 45°. Before microscopy, the media with planktonic cultures were removed and the wells were washed once with sterile M63 buffer. A volume of 200 l of fresh M63 buffer was added to the wells to prevent the biofilms from drying out while performing microscopy, and the culture plate was put directly on the microscope stage for analysis.
The absorbance, or the optical density at a 600-nm wavelength (OD 600 ), was measured to determine culture growth. The number of CFU per milliliter of volume for growth curves was calculated by measuring the OD 600 of separate PA14 and ΔtctED mutant cultures, plating out dilutions, and performing colony counts to determine the number of CFU per milliliter. The PA14 and ΔtctED strains displayed no difference in the relationship of the OD 600 measurements to the plated colony counts. Based on the medium and conditions used in this study, an OD 600 of 1.0 represents a culture population of 6 ϫ 10 10 CFU/ml for P. aeruginosa. This value was used to calculate all values of the number of CFU per milliliter from OD 600 measurements.
MBC assays. Assays for determination of minimal bactericidal concentrations (MBCs) in biofilms (MBC-Bs) and in planktonic cultures (MBC-Ps) were utilized to assess susceptibility to antibiotics (25) (26) (27) ). An aliquot of overnight cultures was diluted (1/50) into fresh M63 medium with arginine as described above and then used for final inoculation of antibiotic-containing medium. For the MBC assays, a final concentration of 10 mM citric acid was added to the medium. To prepare MBC-B assay mixtures, diluted cultures were grown statically for 24 h at 37°C to form mature biofilms. After 24 h, the planktonic cultures and medium were removed and fresh medium containing antibiotics was added. Twofold serial dilutions of antibiotics ranged from 2.5 to 160 g/ml for ciprofloxacin, 12.5 to 800 g/ml for gentamicin, and 6.25 to 400 g/ml for tobramycin. The preformed biofilms were incubated in the presence of antibiotics for 24 h at 37°C. For the MBC-P assays, diluted cultures were treated with antibiotics and incubated for 24 h at 37°C. Antibiotic concentration ranges were 0.5 to 32 g/ml for ciprofloxacin, 2 to 128 g/ml for gentamicin, and 1 to 64 g/ml for tobramycin. After incubation, the cultures used for both MBC-B and MBC-P determination were spotted onto LB agar plates and grown overnight at 37°C. The concentration in the culture from which spots that displayed no growth upon subculture were sampled was taken as the MBC.
Tobramycin accumulation assays. Tobramycin accumulation assays were performed as previously described (27) . Briefly, static biofilms of the PA14 and ΔtctED strains were grown in 12-well microtiter plates for 24 h with or without 10 mM citric acid supplemented in the medium. Biofilms were treated with 200 g/ml tobramycin for 8 h and subsequently rinsed with M63 buffer. The biofilms were treated with 0.1 M glycine (pH 3) at 37°C to lyse the biofilm cells. After 16 h, the mixture of lysed cells and glycine buffer was evaporated to dryness, resuspended in sterile water, and absorbed into sterile Whatman paper disks. The disks were then placed on agar plates spread with E. coli DH5␣. The plates were incubated at 37°C for 16 h, and the zone of clearing around the disk was used as an indication of the amount of tobramycin in the biofilm lysate.
Crystal violet staining. Assessment of biofilm mass was done by staining with 0.1% (wt/vol) crystal violet. Static biofilms in the respective media were grown for 24 h in 96-well plates. The cell population was first taken by reading the OD 600 and converting the value to the number of CFU per milliliter. Planktonic cultures were then removed, and 100 l of 0.1% crystal violet were added to the wells and allowed to stain for 20 min. The stain was then removed, the wells were washed, and the crystal violet absorbed by the biofilms was solubilized with 70% ethanol. The OD 595 were then read as an assessment of the amount of biofilm mass adherent within the wells.
Microscopy. A Leica DMI6000 B inverted microscope with the companion Leica Application Suite software provided (v1.5.1, build 869) was used. Images are representative of those from 3 biological replicates, for each of which 30 fields of view were assessed.
Phenotype microarrays testing various carbon sources. Phenotypic assessment of growth for a collection of carbon sources was performed using Biolog MicroPlates. Overnight cultures were diluted to a McFarland standard of 0.25 in buffer with dye added; both the buffer and the dye were provided by Biolog, Inc. Plates PM1 and PM2A were utilized to assess the growth on various carbon sources. Assays were performed on a GEN III OmniLog ID system, where the plates were incubated for 24 h and readings were taken every 15 min. Three biological replicates were performed.
Gradient agar plates. Agar plates containing continual transitions of one nutrient medium to another were prepared as previously described (38) . Culture plates were set at an angle as one nutrient medium was poured, allowed to set, and laid flat before the other nutrient medium was poured on top, generating a gradient of one medium to another. Overnight cultures of P. aeruginosa strains were then dragged along the gradient using an inoculating loop.
RNA isolation. RNA was isolated by lysis of whole cells grown under planktonic and biofilm conditions. Planktonic cultures were grown by subculturing overnight cultures into fresh M63 medium containing arginine as the sole carbon source. The cultures were then grown at 37°C with constant shaking for 4 to 5 h until reaching an OD 600 approaching 0.5, before pelleting and lysing the cells. Biofilm cultures were grown by spotting 48 5-l aliquots of an overnight culture onto M63-arginine agar plates. The plates were first grown for 24 h at 37°C and then grown for another 24 h at room temperature before harvesting the biofilm cultures. RNA was isolated from the cultures by first lysing the pelleted cultures using the TRIzol reagent. RNA was purified using a PureLink RNA minikit according to the instructions of Thermo Fisher Scientific, Inc. RNA samples were cleared of DNA through the use of DNase digestion, and samples were checked for DNA contamination by PCR.
Microarray analysis. Microarrays were performed using an Affymetrix GeneChip system for the P. aeruginosa PAO1 annotated genome. Samples were sent to the Genome Québec and Innovation Centre at McGill University, Montréal, QC, Canada, for quality control testing and performing the microarrays. Raw data were received as .cel files and analyzed in-house. Expression Console software, build 1.3.1.187, and the annotated P. aeruginosa PAO1 library Pae_G1a were acquired from the Affymetrix website. While PA14 background strains were used in this study, the close genetic homology of the core genome between P. aeruginosa strains made it sufficient to use PAO1 DNA microarray chips and the Pae_G1a library. Data normalization was performed using the robust multiarray average method, and the housekeeping gene rpoD was selected for expression normalization. Gene expression changes are represented as the mean fold change in expression in the ΔtctED mutant relative to that in PA14 under planktonic or biofilm conditions for 2 biological replicates of each condition. Accession number(s). The data have been deposited in the Gene Expression Omnibus (GEO) database under accession number GSE114431.
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